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The genomes of most prokaryotic and eukaryotic single-stranded (ss) DNA viruses, and some prokaryotic plasmids such
as pLS1, commonly replicate via a rolling circle replication (RCR) strategy, and thus the viruses are hypothesized to have
evolved from the plasmids, although evidence for this view is sparse. We have sequenced a circular plasmid of 3933 nt,
pOYW, obtained from onion yellows phytoplasma (OY-W), a cell-wall-less, unculturable prokaryote that inhabits the cytoplasm
of both plant and insect cells. pOYW contains five open reading frames (ORFs) on the same strand and apparently replicates
by an RCR mechanism. Its rep gene (ORF5) encodes a unique protein, pOYW-Rep, with an unprecedented structure. The
N-terminal region of pOYW-Rep has similarities to the RCR initiator protein (Rep) of pLS1 family plasmids but, unlike the Rep
of other plasmids, its C-terminal region was unexpectedly similar to the helicase domain of the replication-associated
proteins (Rap) of eukaryotic viruses, especially circoviruses (ssDNA viruses of vertebrates). The pOYW-Rep was specifically
detected in OY-W-infected plant phloem cells, suggesting that it is a functional protein. We suggest that an ancestral
phytoplasma plasmid pOYW may have acquired a helicase domain from host phytoplasmal DNA, entered the surrounding
eukaryotic cytoplasm, and subsequently evolved into an ancestral eukaryotic ssDNA virus. Alternatively, a pOYW ancestor
could have obtained the helicase domain by recombination with a virus: this would be the first example of recombination
between plasmids and viruses. © 2001 Academic Press
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Numerous theories have been proposed regarding the
origin of viruses (Sinkovics et al., 1998; Holland and
Domingo, 1998) but none has been clearly proven. It is
believed that most extant eukaryotic viruses are derived
from ancestors that themselves arose from simpler pro-
karyotic or eukaryotic episomal replicons (Sinkovics et
al., 1998). For example, retroviruses very likely originated
from cellular retrotransposons (Temin, 1980).
Some plant, animal, and bacterial single-stranded (ss)
DNA viruses replicate by a rolling circle replication (RCR)
mechanism (Berns, 1990; Stenger et al., 1991). Many
multicopy plasmids isolated from gram-positive and
-negative bacteria also replicate by the RCR mechanism
(Gruss and Ehrlich, 1989; Baas, 1985). These viruses and
plasmids have considerable similarities in the details of
their replication mechanism. RCR involves the genera-
tion of a site-specific nick at the plasmid or viral leading-
strand origin by plasmid- or virus-encoded RCR initiator
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270proteins, followed by covalent extension of the free 39-
hydroxyl end by a DNA polymerase (Gruss and Ehrlich,
1989). Based on nucleotide and amino acid sequence
similarity, an evolutionary relationship between these
replicons has been suggested. For example, pT181 fam-
ily plasmids (Khan, 1997) and M13-related bacterio-
phages have nucleotide sequence similarity at the lead-
ing-strand origin (del Solar et al., 1998). A major differ-
ence between the RCR initiator proteins (Rep) of
plasmids and the replication-associated protein (Rap) of
eukaryotic ssDNA viruses is that plasmid Rep, like the
RCR initiator protein of fX174-related bacteriophages, is
omposed of only the RCR initiator domain, while viral
ap has the RCR initiator domain plus a helicase do-
ain. Koonin and Ilyina (1992) demonstrated that the
CR initiator domains of Rap from the ssDNA geminivi-
uses (plant viruses) contain motifs similar to those found
n the analogous domains of Rep from the pLS1 and
UB110 plasmid families (Khan, 1997). Thus, it is hypoth-
sized that the eukaryotic ssDNA viruses have origi-
ated from prokaryotic RCR-type plasmids.
Phytoplasmas are unique prokaryotes belonging to
he class Mollicutes. They are characterized by their
mall genome size, the absence of cell walls, and the
act that they inhabit eukaryotic cytoplasm. These micro-
rganisms can infect the phloem sieve elements of
lants and are transmitted between plants by phloem-
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271UNIQUE REPLICATION PROTEIN OF PHYTOPLASMAL PLASMIDfeeding vector insects (McCoy et al., 1989; Kirkpatrick,
992; Lee and Davis, 1992). In our previous work on a
ild strain (OY-W) of onion yellows phytoplasma, a 3.5-kb
NA fragment, believed to be derived from an RCR plas-
id, was cloned (Kuboyama et al., 1998). Here we show
that an intact 3.9-kb plasmid cloned from the same strain
and having a sequence closely related to that of the
3.5-kb fragment encodes a unique protein that is possi-
bly responsible for replication. This protein contains not
only a plasmid-like RCR initiator domain, but also a
virus-like helicase domain. The relevance of this finding
to the evolutionary history of viruses and plasmids is
discussed.
RESULTS
Cloning and sequencing of a plasmid DNA from the
OY-W phytoplasma
In our previous work, a 3.5-kb extrachromosomal DNA
fragment was cloned from OY-W phytoplasma and was
concluded to be derived from an RCR-type plasmid
(Kuboyama et al., 1998). However, a cloning site inter-
upted the 39 end of the rep gene and the stop codon was
not found in the fragment. Therefore, it was believed that
the clone does not contain the complete plasmid se-
quence. To isolate a full-length plasmid, shotgun librar-
ies of DNA from plant tissues infected with OY-W phyto-
plasma were screened, and two clones were selected
from each of the shotgun libraries constructed using
HindIII (WH-105) or PvuII (WP-38). Sequence analysis
indicated that both clones bore the same DNA fragment
of about 3.9 kb and contained a replication protein gene
(rep) similar to those previously reported for other RCR-
type plasmids found in bacteria (Fig. 1A) (Kuboyama et
al., 1998). Moreover, it was clear that these two clones,
which were cut at different sites (Fig. 2), each repre-
sented the same complete circular DNA. This DNA is
designated pOYW. The complete sequence of pOYW was
3933 nucleotides long, and five open reading frames
(ORFs) encoding proteins larger than 10 kDa were iden-
tified. The restriction sites, and the locations of the ORFs,
are shown in Fig. 2.
The plasmid rep gene encodes a protein containing
plasmid Rep and viral Rap-hel domains
The N-terminal region (residues 1–192) of the deduced
amino acid sequence of ORF5 (377 aa) was similar
(14.5% identity) to the putative replication initiator protein
(Rep) of plasmids belonging to the pLS1 family, which is
one of five major families of RCR-type plasmids (Fig. 1A)
(Khan, 1997; del Solar et al., 1993). The pLS1 family
includes pKMK1 from Mycoplasma mycoides subsp. my-
coides (17.5% identity) (King and Dybvig, 1992), Leu-
conostoc lactis 533 plasmid pCI411 (15.6% identity) (Cof-
fey et al., 1994), and Streptococcus pneumoniae plasmid
f
rpE194 (16.3% identity) (Fig. 1A) (Villafane et al., 1987;
Horinouchi and Weisblum, 1982). In the Rep proteins of
these plasmids, five conserved motifs, RI to RV, have
been identified previously (del Solar et al., 1993). The Rep
protein of pOYW was found to contain four of these five
motifs, but one motif, RI, was absent (Figs. 1A and 1B).
Although the N-terminal region of the protein encoded
by ORF5 showed considerable homology with Rep of
pLS1 family plasmids, it showed much lower homology
with Rep of plasmids belonging to four other RCR-type
plasmid families, namely, pT181, pC194, pSN2, and pIJ101
(Khan, 1997). The N-terminal region also showed low
(7.0%) homology with an RCR initiator protein of bacte-
riophage fX174.
The Walker A- and B-motifs (Saraste et al., 1990),
hich are known as nucleotide-binding motifs, were
dentified in the approximately 100 amino acid residues
n the pOYW-Rep protein C-terminal region (residues
93–302). Both of the characteristic consensus motifs,
XXXXGKS (Walker A-motif) and DD (Walker B-motif),
ere present (Fig. 1A). Neither of these motifs is reported
n any replication protein from the RCR-type plasmids,
ncluding those of the pLS1 family. Furthermore, the re-
ion including these Walker A- and B-motifs (residues
04–247) showed great similarity to the replication-re-
ated protein (Rap) from eukaryotic small DNA viruses or
ome RNA viruses. Especially, it was most similar to
everal proteins of vertebrate viruses, the putative Rap
rom circoviruses [Porcine circovirus (Meehan et al.,
997) (25.4% identity); Beak and feather disease virus
Niagro et al., 1998) (26.3% identity)], and caliciviruses
Human calicivirus (Xi et al., 1990) (18.5% identity); Feline
calicivirus (Guiver et al., 1992) (19.4% identity)] (Fig. 5).
hese viral regions are all known as helicase domains
nd are conserved in several other groups of plant and
nimal viruses with small ss- or dsDNA (papova-, parvo-,
nd geminiviruses) or RNA (picorna-, como-, and nepo-
iruses) genomes (Koonin and Ilyina, 1992). Such do-
ains belong to the superfamily III helicase, which con-
ains Walker A- and B-motifs (Gorbalenya et al., 1990).
eminivirus Rap (AL1) also possesses a helicase do-
ain; however, the helicase region of pOYW-Rep does
ot have much similarity to that of geminivirus-AL1 pro-
ein [Beet curly top virus (9.8% identity); Tomato leaf curl
irus (9.2% identity)].
The deduced amino acid sequence of ORF4 (103 aa)
hows similarity (36% identity) to the N-terminal two-
hirds of the single-strand DNA binding (SSB) protein
rom Bacillus subtilis (Kuboyama et al., 1998). The amino
cid sequences encoded by pOYW ORFs 1, 2, and 3 did
ot show significant homology with previously reported
roteins.
To confirm the molecular weight of the pOYW Rep
rotein (pOYW-Rep), Western blot analysis was per-ormed with an anti-Rep protein antibody (Fig. 3C). The
esults indicated the existence of a protein with the
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initiator proteins. The conserved RCR initiator domain is shown in gray.
The approximate positions of the four conserved motifs are shown.
272 OSHIMA ET AL.expected molecular weight (44.6 kDa) in the soluble
fraction. This confirmed that the Rep protein is expressed
in the OY-W phytoplasma-infected plants. Although three
other bands were detected besides the 45-kDa protein, it
was considered that they were the background bands
derived from a plant cell, because these bands were
detected also in the extract from a healthy plant. Immu-
nocytochemical treatment of thin sections observed us-
ing a light microscope showed that the Rep protein is
characteristically detected in the phloem tissues and is
colocalized to cells infected by OY phytoplasma as indi-
cated by staining with antibodies to SecA (Fig. 4).
Southern and Northern hybridization analysis
Southern hybridization analysis was performed to con-
firm that pOYW existed in the phytoplasma as an extra-
chromosomal DNA molecule and that the full-length ver-
sion of the plasmid had been cloned. A rep gene frag-
ment was used as a probe against undigested total DNA
extracted from an OY-W-infected plant (Fig. 3A, lane W). A
major, slower-migrating band (indicated by an arrow-
FIG. 2. Schematic diagram of pOYW. The positions of the five ORFs
are shown. The largest ORF (ORF5) potentially encodes a replication-
associated protein similar to the Rep proteins of geminiviruses, circo-
viruses, and other pLS1 plasmids.
FIG. 3. Characterization of pOYW and Western blot analysis using an
anti-Rep antibody. (A) Southern hybridization with the rep gene as a
probe. Total DNA was extracted from a healthy plant (H) and an
OY-W-infected plant (W). (B) Northern blot hybridization with plus- (1)
and minus- (2) strand rep RNA used as probe. Total RNA was extracted
from an OY-W-infected plant. (C) Western blot analysis using anti-Rep
IgG. Extracts from the healthy (H) and OY-W-infected (W) plants were
separated by 10% SDS–PAGE. Gels were blotted onto PVDF mem-
branes and reacted with the anti-Rep IgG (1:1000 dilution) followed by
the alkaline phosphatase-tagged secondary antibody (AmershamFIG. 1. (A) Comparisons of the deduced amino acid sequence of
RF5 with other Rep genes from RCR plasmids (“Plasmid Rep-like
egion,” indicated as red) and of the C-terminal region of pOYW ORF5
nd the replication-related proteins of circoviruses (“Virus helicase-like
egion,” indicated as blue). Putative common regions of pLS1 family
lasmids (R-I, R-II, R-III, R-IV, and R-V) described in the text are indi-
ated. Arrowheads indicate the conserved H (domain R-III) and Y
domains R-IV and R-V) residues. Nucleotide binding motifs (Walker A-
nd B-motifs) are indicated. Amino acid sequences used for the align-
ent are the pOYW Rep protein and the replication-related proteins
rom geminivirus (BGMV, Bean golden mosaic virus) and circoviruses
(PCV, Porcine circovirus; BFDV, Beak and feather disease virus). Resi-
ues in reverse contrast are identical or similar to pOYW-Rep residues;
ots indicate gaps. (B) Domain organization of the pLS1 plasmid family,
eminivirus, circovirus, bacteriophage fX174, and pOYW putative RCRPharmacia Biotech). Arrowhead in C indicates the phytoplasma-spe-
cific band with a molecular mass of ca. 45 kDa.
m
d
m
e
m
s
t
l
t
b
m
s
s
i
s
p
b
a
s
p
i
a
o
s
t
p
s
o
p
t
t
s
t
b
y
p
p
e
a
(
g
s
(
s
S
(
x
b
273UNIQUE REPLICATION PROTEIN OF PHYTOPLASMAL PLASMIDhead) and a minor band migrating faster were detected.
Judging from their relative mobility, we presume that the
major and minor bands were open and closed circular
forms, respectively, of the 3.9-kb pOYW plasmid. No
FIG. 4. Immunocytochemical detection of the pOYW-encoded Rep
protein and the phytoplasma genome-encoded SecA protein in a vas-
cular bundle of the stem of garland chrysanthemum plants. (A, B)
Cross-sections of an OY-W-infected plant (A) and a healthy plant (B)
reacted with an anti-Rep antibody (bars 5 100 mm) showing phloem
P)-specific localization of the Rep protein. (C–F) Sequential cross-
ections of an OY-W-infected plant reacted alternatively with an anti-
ecA antibody (C, E) and with an anti-Rep antibody (D, F) (bars 5 10
mm) showing colocalization of the two proteins. Goat anti-rabbit sec-
ondary antibody conjugated to alkaline phosphatase (AP) was used for
detection. Localization of SecA and Rep protein was visualized as blue
pigmentation. P, phloem; X, xylem. Arrowheads show areas of necrosis.
Tissues were fixed in 4% (w/v) paraformaldehyde (Sass, 1958) and
embedded in Paraplast Plus (Sherwood Medical, St. Louis, MO). Mic-
rotome sections (10 mm thick) were applied to charged slide glasses
Fisher Scientific, Pittsburgh, PA). The sections were deparaffinized in
ylene and washed in PBS buffer. They were incubated in blocking
uffer (10% FCS and 0.02% NaN3 in PBS buffer) for 30 min at room
temperature and incubated with a 1:1000 dilution of the anti-Rep or
anti-SecA IgG in blocking buffer at 4°C overnight. The tissue sections
were then washed in PBS-T buffer and incubated in a 1:1000 dilution of
AP-coupled goat anti-rabbit IgG secondary antibody (Vector Laborato-
ries, Inc., Burlingame, CA). For color development, sections were incu-
bated with 0.34 mg/ml nitroblue tetrazolium salt and 0.175 mg/ml
5-bromo-4-chloro-3-indolyl phosphate toluidinium salt. After color de-
velopment, the reaction was stopped by immersing the slides in TE (10
mM Tris–HCl, 1 mM EDTA), pH 7.5. The sections were dehydrated
through a graded ethanol series and then mounted in Eukitt (O. Kindler,
Germany).bands were detected with DNA extracted from a healthy
plant (Fig. 3A, lane H). This result indicated that the
t
pcloned fragments were from the OY-W phytoplasma and
that the plasmid was in fact full length.
To investigate whether pOYW is transcribed in a phy-
toplasma cell, Northern hybridization analysis was done
using total RNA extracted from phytoplasma-infected
plants and a rep gene fragment as a probe. When a
inus strand of the rep gene was used as a probe to
etect plus-strand RNA molecules (Fig. 3B, left), one
ajor and several minor bands were detected from RNA
xtracted from an OY-W-infected plant. The size of the
ajor band is about 3 kb and roughly corresponds to a
ize covering ORF5 through ORF4. Three base pairs after
he termination codon of ORF4, there is a short stem–
oop structure of 59-AAGCCCCTAAACTAATAGGGG-
CTT-39 (stem region is underlined), which may be related
o transcription termination of this message. Other minor
ands may be breakdown products or may represent
inor initiation or termination events. No band was ob-
erved with the plus-strand RNA probe detecting minus-
trand RNA molecules (Fig. 3B, right). These results
ndicate that the rep gene on pOYW is directionally tran-
cribed in phytoplasma cells.
DISCUSSION
There are several lines of evidence to show that the
OYW is a plasmid-inhabiting phytoplasma. First, it has
een detected only from phytoplasma-infected plants
nd never from healthy ones, and thus it is phytoplasma-
pecific (Kuboyama et al., 1998). Second, no virus-like
articles have been observed from the phytoplasma-
nfected pOYW-containing plants (Nishigawa et al., 2001),
nd thus the pOYW is not likely to be a virus. Third, each
f the five ORFs on pOYW has a Shine–Dalgarno (SD)
equence, which is indispensable for bacterial transla-
ion initiation, and thus can be translated within phyto-
lasma. Fourth, histochemical analysis using antibodies
pecific for Rep, encoded in pOYW, and SecA, encoded
n phytoplasmal genomic DNA, indicated that these two
roteins always colocalize. Fifth, Southern blot hybridiza-
ion analysis showed that, in the phytoplasma genomes,
here are no DNA sequences homologous to the pOYW
equence, and thus pOYW has not been integrated into
he phytoplasma genome as a temperate phage would
e.
Northern blot (Fig. 3B) and Western blot (Fig. 3C) anal-
ses showed expression of the pOYW-Rep gene in the
hloem tissues of OY-W-infected plants. Moreover, two
lasmids closely related to pOYW, obtained from differ-
nt OY-W strains, each contained the pOYW-rep gene,
lthough one of the plasmids lacked two other ORFs
data not shown). These data suggest that the pOYW-rep
ene is functional. This is the first evidence for expres-
ion of a phytoplasmal plasmid-encoded protein in phy-oplasma-infected cells. As reported previously with the
OYW1 (a partial clone of pOYW) (Kuboyama et al., 1998),
gemini
274 OSHIMA ET AL.the RCR of pOYW was confirmed by detecting the ssDNA
replication intermediate that is specifically produced by
the RCR mechanism (data not shown).
The N-terminal region of pOYW-Rep has extensive
homology with the RCR initiator protein of the prokaryotic
pLS1 plasmid family (del Solar et al., 1993). The region
has much less similarity to the RCR initiator proteins of
plasmids belonging to four other RCR plasmid families,
namely, pT181, pC194, pSN2, and pIJ101. Interestingly, the
estimated molecular weight of the pOYW-Rep was 44.6
kDa and was ca. 15 kDa larger than that of Rep from the
typical members of the pLS1 family (Khan, 1997). The
extra size of pOYW-Rep is accounted for by an additional
ca. 100-amino-acid domain at the C-terminal region that
resembles helicase domains of Rap proteins of viruses
which infect eukaryotes. Rep of pOYW does not resem-
ble that of any RCR-type bacteriophages. For instance,
while the RCR initiator proteins of pLS1 family plasmids
are typically 250 amino acid residues in length and have
the RCR initiator domain in the N-terminal region of the
protein, that of well-studied bacteriophage fX174 is ca.
500 amino acids in length and has an RCR domain in the
middle of the polypeptide (Koonin and Ilyina, 1993, see
Fig. 6 in this reference).
When a maximum likelihood tree was made by ana-
lyzing the N-terminal region of pOYW-Rep, and of the Rap
FIG. 5. (A) A maximum likelihood tree for the amino acid sequences
see Fig. 1) and the corresponding regions of plasmid-encoded Rep and
similarity with each ORF-encoded product were aligned by Clustal W ve
aligned amino acid sequences by quartet puzzling using PUZZLE ver
calculated by using the BLOSUM 62 substitution matrix. The sequence f
of the amino acid sequences from each other were estimated by the
amino acid sequences of the C-terminal region of pOYW-Rep protein (a
picorna-like virus 2C proteins and the circo-, nano-, and geminivirus Ra
CoV, Human coxsackievirus; EV-9, Echovirus type 9), caliciviruses (FCV,
(CFDV, Coconut foliar decay virus; BBTV, Banana bunchy top virus), and
abbreviations are as described in the legend to Fig. 1.proteins of circoviruses and geminiviruses, with the N-
terminal region of pLS1-Rep as an outgroup (Fig. 5A),pOYW-Rep is in the branch that includes circoviruses
and geminiviruses. However, the evolutionary distances
between pOYW-Rep and plasmid pKMK1-Rep and be-
tween pOYW-Rep and viral Rap are almost the same.
Interestingly, nucleotide sequences found at the nick
site at the origin of replication of either the pLS1 family
plasmids, circoviruses, or nanoviruses (Koonin and
Ilyina, 1993; Mankertz et al., 1998) are not found in pOYW.
The equivalent sequence in pOYW is not yet identified for
certain, although there are candidate sequences within
the stem–loop-rich sequence between ORF4 and ORF5.
An associated difference between pOYW-Rep and pLS1-
Rep is that pOYW-Rep does not contain the R-I region,
which is conserved in the pLS1 plasmids. It is specu-
lated that the R-I motif is involved in the recognition of
sequences surrounding the nick site and/or in the rec-
ognition of secondary structures in the nick region (del
Solar et al., 1993). Therefore, if the pOYW nick site is
unique, so also might be a sequence in pOYW-Rep cor-
responding to the R-I motif.
As shown in Fig. 5B, a phylogenetic tree representing
the Rep C-terminal (helicase) region revealed that pOYW-
Rep was included in the circovirus Rap cluster. This
region also showed a similarity to replication-associated
RNA-binding proteins (2C proteins) encoded by picorna-
like viruses, a large group of ssRNA viruses. The C-
-terminal region of the pOYW Rep protein (amino acid position 1–192,
encoded Rap proteins. Amino acid sequences of proteins that showed
6 (Thompson et al., 1994). Maximum likelihood trees were inferred from
after positions including gaps had been excluded. Likelihoods were
1-Rep was used as an outgroup to root the tree. The genetic distances
acid substitution rate (K value). (B) A maximum likelihood tree for the
cid position 193–302, see Fig. 1) and the corresponding regions of the
eins. Sequences: picorna-like viruses (HRV, Human rhinovirus type 14;
calicivirus; NV, Human calicivirus Norwalk virus serotype), nanoviruses
viruses (BCTV, Beet curly top virus; TLCV, Tomato leaf curl virus). Otherof the N
virus-
rsion 1.
sion 4,
rom pLS
amino
mino a
p prot
Felineterminal helicase region of the circovirus Rap protein
also has similarities to the 2C proteins (Gibbs and
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275UNIQUE REPLICATION PROTEIN OF PHYTOPLASMAL PLASMIDWeiller, 1999). There have been no previous reports of
plasmids encoding a replication-related protein with
both plasmid- and virus-like domains. pOYW-Rep and its
counterparts from pOYW-related plasmids (data not
shown) thus constitute a novel class of prokaryotic plas-
mid-encoded protein.
It has been speculated that eukaryotic ssDNA viruses
may have originated from a group of prokaryotic RCR
plasmids, since they share the RCR strategy. Koonin and
Ilyina (1992) showed that motifs in the RCR initiator do-
main are conserved between geminivirus Rap and pLS1-
type Rep proteins, indicating an evolutionary relation-
ship. Rap from present-day ssDNA viruses is invariably
composed of two domains, the RCR initiator domain and
the helicase domain, while Rep proteins from all known
RCR plasmids contain only the RCR initiator domain.
Thus, pOYW-Rep, possessing both the RCR initiator do-
main homologous to plasmid Rep and the helicase do-
main homologous to viral Rap, could be related to a viral
Rap progenitor.
The initiation of pLS1-type plasmid replication requires
host replication proteins such as a DNA helicase, a
single-stranded DNA binding protein, and a DNA poly-
merase (Khan, 1997). However, pOYW encodes an SSB
protein (ORF4) and its Rep (ORF5) has a helicase do-
main. Such a gene organization suggests that the only
host factor that is required for pOYW replication is a DNA
polymerase. Phytoplasmas have been reported to have
genomes of only 0.6–2 Mb, among the smallest known
for a prokaryotic organism (Marcone et al., 1999). Phylo-
enetic analyses using 16S rRNA gene sequences
Namba et al., 1993; Lee et al., 2000) and other genes
Namba et al., unpublished data) indicate that the phyto-
lasma diverged from the Acholeplasma branch of the
ollicutes phylogenetic tree. The Mollicutes branch di-
erged from the free-living Streptococcus branch of the
gram-positive phylogenetic tree. This suggests that the
ancestor of phytoplasmas was a free-living bacterium,
probably with a larger genome. During adaptation to the
cytoplasm of eukaryotic cells, phytoplasmas may have
become more capable of utilizing the cellular functions of
host cells and less dependent on their own genes and so
perhaps have evolved toward smaller genome size. In
this situation, we speculate that the plasmids in the
ancestral phytoplasmas evolved in the reverse direction;
their evolution could have involved acquiring and using
more phytoplasma genes for their own DNA replication.
This evolutionary view is supported by the fact that
pOYW encodes not only the RCR initiation function, but
also the helicase and SSB functions. Living within eu-
karyotic cytoplasm probably led to the loss of the ances-
tral phytoplasma’s cell wall, presumably in order to facil-
itate the exchange of substances with the surrounding
cytoplasm. We speculate that the enhanced exchange of
substances between prokaryotic and eukaryotic cyto-plasms could have facilitated the entry of prokaryotic
plasmids into eukaryotic cytoplasm.
Phytoplasmas replicate in both plant and insect (leaf-
hopper) cells. Although they may induce severe phyto-
pathological symptoms in plants, they do not induce any
adverse effects in the leafhoppers, suggesting that the
association of phytoplasmas and insects is more ancient
than that with plants. ssDNA viruses encoding Rap pro-
teins closely related to pOYW-Rep, i.e., circoviruses,
geminiviruses, and nanoviruses, infect vertebrates or
plants, and some are transmitted by insects. These facts
suggest a possible evolutionary relationship between
phytoplasmal plasmids and ssDNA viruses.
Taking the above discussions into consideration, if
ssDNA viruses did evolve from a prokaryotic plasmid,
pOYW may be the first report of a descendant of this
plasmid. However, other hypotheses cannot be ex-
cluded. One is that these two replicons are evolutionarily
independent and do not share any ancestors. Alterna-
tively, the chimeric nature of pOYW-Rep could be the
result of recombination between a phytoplasmal plasmid
and circovirus DNA. Indeed, some instances of recom-
bination between different viral replication-associated
protein genes have been reported (Gibbs and Weiller,
1999; Saunders and Stanley, 1999). Recombination pro-
vides the viruses with the potential for rapid adaptation
to new hosts and environmental conditions, and it plays
a major evolutionary role by creating genetic diversity
within the virus population (Domingo and Holland, 1997).
Interspecific recombination has been well documented
in many virus families (Roossinck, 1997), for example,
between RNA viruses (White et al., 1995), between DNA
viruses (Zhou et al., 1997), and between RNA and DNA
viruses (Morse et al., 1992). However, no evidence of
recombination between eukaryotic virus genomes and
prokaryotic plasmids has been reported. Therefore, if
pOYW is the result of a plasmid–virus recombination
event, it is the first such example. We hope our work will
encourage further investigations into possible links in
the evolutionary histories of viruses and plasmids.
MATERIALS AND METHODS
Extraction, cloning, sequencing, and sequence
analysis of phytoplasma DNA
A wild strain of onion yellows phytoplasma (OY-W),
isolated in Saga Prefecture, Japan, in May 1982 (Shiomi
et al., 1996) was used. To construct a DNA library, DNA
was extracted from phytoplasma-enriched fractions pre-
pared from OY-W-infected garland chrysanthemums
(Chrysanthemum coronarium) propagated by serial
transmission of OY-W by the leafhopper vector (Macros-
teles striifrons) as previously described (Kuboyama et al.,
1998; Lee et al., 1988). Control preparations were ob-
tained from OY-W-free plants. For Southern hybridization,
the DNA from OY-W-diseased and healthy plants was
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276 OSHIMA ET AL.isolated from these preparations as described previously
(Kuske and Kirkpatrick, 1990). The DNA isolated from the
OY-W-enriched fraction was completely digested with
either HindIII or PvuII, ligated into pUC18, and used to
transform Escherichia coli JM109. The DNA library ob-
tained was then used for differential screening. Probes
were prepared by HindIII digestion of DNA isolated from
either OY-W-infected or healthy plants. Clones that hy-
bridized only with the probe prepared from OY-W-infected
plants were identified.
Each DNA insert was sequenced by cycle sequencing
using Taq FS DNA polymerase and fluorescent-dideoxy
erminators (Applied Biosystems, Foster City, CA). The
NA fragments were separated by electrophoresis and
nalyzed using an automated Applied Biosystems 377
NA sequencer. The degree of similarity of all five ORFs
o other known sequences was ascertained by comput-
r-assisted homology analyses using the World Wide
eb (http://www.genome.ad.jp/) sequence interpretation
ools (Institute of Medical Science, The University of
okyo, Tokyo, Japan) and the BLAST algorithm (Altschul
t al., 1990). Maximum likelihood trees were constructed
as described in the legend to Fig. 5.
Preparation of a polyclonal antibody against the
pOYW-Rep protein
An expression plasmid carrying a histidine-tagged
Rep fusion protein was constructed using the pET sys-
tem (Novagen, Madison, WI) by amplifying a complete
rep gene fragment (1131 bp) with primers Rep-N (59-AGG
TC CCA TAT GAA ATT AAG AAT CTG CGA ACT TG-39)
nd Rep-C (59-AGA GCT CGA GTA TTA AAG ATG TTA
AT AAT AAT ACT-39). The PCR product was digested
ith BamHI and XhoI and inserted into pET30a. The
usion protein was expressed in E. coli and applied to a
TA nickel column; the column was then washed with
BS buffer and the fusion protein eluted with TBS buffer
ontaining 10 mM imidazole. One milligram of purified
rotein suspended in 1 ml of water and emulsified with
.1 vol of Freund’s complete adjuvant (DIFCO, Detroit, MI)
as injected intramuscularly into a New Zealand white
abbit. After 2 weeks, a booster injection containing 1 mg
rotein was given; serum was obtained after 4 weeks.
he IgG fraction was purified from the serum using a
rotein A column (Bio-Rad, Hercules, CA).
olyacrylamide gel electrophoresis and Western
lotting
Crude protein extracts were prepared from both a
ealthy plant and an OY-W phytoplasma-infected plant by
he method used to obtain the phytoplasma-enriched
raction for DNA isolation. Sodium dodecyl sulfate (SDS)–
olyacrylamide gel electrophoresis was conducted as
escribed by Laemmli (1970). For immunoblot analysis
Villafane et al., 1987), gels were blotted onto polyvinyli-ene difluoride (PVDF) membranes (Millipore, Bedford,
A) with an electroblotting apparatus (Bio-Rad). The
lots were developed with AlkPhos detection reagent
Amersham Pharmacia Biotech, UK) according to the
upplier’s instructions.
outhern blot analysis
DNA purified from the phytoplasma-enriched fraction
nd from control preparations was fractionated by aga-
ose gel electrophoresis, transferred onto a nylon mem-
rane, and probed with a DIG-UTP-labeled 700-bp rep
ene fragment which was PCR-amplified by rep-1 (59-TAT
TA TCA AAA TGA TAA AGA GGC TC-39) and rep-2
59-CAA CGA CGT TTT AAT TGA GTA ATA C-39) primers.
ybridization and detection were carried out using a DIG
uminescent detection kit (Boehringer-Mannheim Bio-
hemicals, Mannheim, Germany) according to the man-
facturer’s instructions.
orthern blot analysis
Total RNA was extracted from healthy, OY-W-infected
arland chrysanthemum tissue, separated by agarose
el electrophoresis, and transferred to a nylon mem-
rane (Amersham Pharmacia Biotech) (Sambrook et al.,
989). Riboprobes were labeled with DIG-UTP by tran-
cribing the subcloned rep gene using the T7 and SP6
NA polymerases (Boehringer-Mannheim Biochemi-
als). Hybridization and detection were carried out using
DIG luminescent detection kit according to the manu-
acturer’s instructions.
mmunocytochemical analysis
To analyze the localization of the plasmid-encoded
ep in plant tissues, immunocytochemical analysis of
hin tissue sections was performed using anti-Rep IgG
nd a light microscope. The distribution of phytoplasma
n the tissue was determined similarly, but with the aid of
ntiserum to a phytoplasma surface protein, SecA (un-
ublished data).
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